Aim: Diclofenac is a non-steroidal anti-inflammatory drug (NSAID), which may cause serious intestinal adverse reactions (enteropathy). In this study we investigated whether co-administration of ciprofloxacin affected the pharmacokinetics of diclofenac and diclofenacinduced enteropathy in rats. Methods: The pharmacokinetics of diclofenac was assessed in rats after receiving diclofenac (10 mg/kg, ig, or 5 mg/kg, iv), with or without ciprofloxacin (20 mg/kg, ig) co-administered. After receiving 6 oral doses or 15 intravenous doses of diclofenac, the rats were sacrificed, and small intestine was removed to examine diclofenac-induced enteropathy. β-Glucuronidase activity in intestinal content, bovine liver and E coli was evaluated. Results: Following oral or intravenous administration, the pharmacokinetic profile of diclofenac displayed typical enterohepatic circulation, and co-administration of ciprofloxacin abolished the enterohepatic circulation, resulted in significant reduction in the plasma content of diclofenac. In control rats, β-glucuronidase activity in small intestinal content was region-dependent: proximal intestine<distal intestine<ileal valve. Administration of ciprofloxac caused significant reduction of β-glucuronidase activity in distal small intestine, and particularly in ileal valve. Furthermore, ciprofloxacin (10-2000 μmol/L) dose-dependently inhibited β-glucuronidase activity in distal small intestine content or E coli incubated in vitro, but did not affect that in proximal small intestine content or bovine liver incubated in vitro. After receiving 6 oral doses or 15 intravenous doses of diclofenac, typical enteropathy was developed with severe enteropathy occurred in distal small intestine. Co-administration of ciprofloxacin significantly alleviated diclofenac-induced enteropathy. Conclusion: Co-administration of ciprofloxacin attenuated enterohepatic circulation of diclofenac and alleviated diclofenac-induced enteropathy in rats, partly via the inhibition of intestinal β-glucuronidase activity.
Introduction
Diclofenac, one of the most widely prescribed nonsteroidal anti-inflammatory drugs (NSAIDs), leads to an increased risk of serious gastrointestinal adverse events including bleeding, ulceration, and perforation of the stomach or intestines due to the inhibition of cyclo-oxygenase [1] . The adverse drug reactions in the duodenum, jejunum, and ileum are collectively termed enteropathy. Obvious small intestinal damage and bleeding occur in 70% of chronic NSAID users, although most patients do not show obvious clinical symptoms [2] . Some reports have shown an association between NSAID use and significant damage to the more distal regions of the small intestine [3] . The fluoroquinolone antimicrobial agent ciprofloxacin has a broad spectrum of activity against both gram-negative and gram-positive bacteria. Ciprofloxacin is a potent inhibitor of CYP1A2 and a weak inhibitor of CYP3A4 [4, 5] . Some
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npg studies have demonstrated a drug-drug interaction when ciprofloxacin was co-administered with other drugs, including theophylline [6, 7] , caffeine [8] , clozapine [9] , methadone [10] and zolpidem [11] . Ciprofloxacin is commonly prescribed with analgesics for the management of infection, pain and inflammation. Co-medication with ciprofloxacin and diclofenac occurs in many clinical situations [12] [13] [14] . Several reports have shown that co-administration of ciprofloxacin significantly decreased exposure of mycophenolic acid [15, 16] , partly by inhibiting β-glucuronidase [17] . Mycophenolic acid is metabolized to mycophenolic acid glucuronide in the liver and excreted via the bile. In the small intestine, mycophenolic acid glucuronide is hydrolyzed to mycophenolic acid via β-glucuronidase, leading to enterohepatic circulation. Diclofenac also displays significant characteristics of enterohepatic circulation [18] [19] [20] [21] , in which intestinal β-glucuronidase may be involved [22, 23] . It is generally accepted that enterohepatic circulation plays an important role in NSAID-induced enteropathy, which is related to enterocyte exposure to the aglycon released from tiacyl or phenol glucuronides of NSAIDs and their oxidative metabolites via β-glucuronidase [24] . All these results indicate that ciprofloxacin blocks the enterohepatic circulation of diclofenac and alleviates diclofenac-induced enteropathy.
The aim of this study was to investigate (1) whether ciprofloxacin affects the pharmacokinetics of diclofenac following oral and intravenous dosing in rats, (2) the effects of ciprofloxacin on the β-glucuronidase activity that catalyzes hydrolysis of diclofenac acyl-β-D-glucuronide (DC-AG) to diclofenac, and (3) whether inhibition of diclofenac release from DC-AG by ciprofloxacin alleviated diclofenac-induced enteropathy.
Materials and methods
Materials β-Glucuronidases from Escherichia coli (E coli) and bovine liver were purchased from Sigma Chemical Co (St Louis, MO, USA). Ciprofloxacin, diclofenac and nitroblue tetrazolium were from Dalian Meilun Biotech Co, Ltd (Dalian, China). Diclofenac acyl-β-D-glucuronide (DC-AG) was from J&K Chemical, Ltd (Beijing, China). All the other reagents were of analytical grade and were commercially available.
Animals
Male Sprague-Dawley rats were obtained from the SIPPR/ BK Experimental Animal Co, Ltd (Shanghai, China). The animals used in this study were housed in a temperature-and humidity-controlled animal room (temperature, 22.0±21003 °C; humidity, 50%±5%) with a 12-h light/dark cycle and had free access to water and standard chow. Animal experiments were carried out according to the institutional guidelines for the care and the use of laboratory animals and approved by the Animal Ethics Committee of China Pharmaceutical University.
Effects of ciprofloxacin on diclofenac pharmacokinetics and diclofenac-induced enteropathy following oral administration The pharmacokinetics of diclofenac and diclofenac-induced enteropathy following the oral administration of diclofenac were investigated. Thirty-two rats weighing 273±11 g (7 weeks old) were randomly divided into four groups of eight rats each: diclofenac (DC), diclofenac+ciprofloxacin (DC+CP), ciprofloxacin (CP) and controls (CON). The DC, DC+CP and CP rats received oral diclofenac (10 mg/kg) alone, diclofenac (10 mg/kg) co-administered with ciprofloxacin (20 mg/kg) and ciprofloxacin (20 mg/kg) alone daily for 6 d, respectively. The CON rats received only an equivalent volume of physiological saline. The doses of ciprofloxacin and diclofenac were as in previous reports [19, [25] [26] [27] [28] and corresponded to clinical use. The pharmacokinetics of diclofenac were determined on d 1 and 5 following dosing. Briefly, blood samples (approximately 0.15 mL) were collected via the oculi chorioideae vein under light ether anesthesia at 5, 15, 30, 60, 120, 180, 300, 420, 540 and 720 min after the oral administration of diclofenac. After 3 or 4 samples were taken, an appropriate amount of normal saline was injected via the tail vein to compensate for blood loss. Plasma samples were obtained by centrifugation and stored at -80 °C until analysis.
On d 6, 2 h after the last dose of diclofenac, the rats were sacrificed under ether anesthesia. The small intestine (from the gastroduodenal junction to the ileocecal junction) was quickly removed to assess enteropathy. The intestinal contents of the CP rats and the CON rats were also collected, to assess the hydrolysis of DC-AG.
Effects of ciprofloxacin on the pharmacokinetics of diclofenac and diclofenac-induced enteropathy following intravenous administration The pharmacokinetics of diclofenac and diclofenac-induced enteropathy following intravenous administration of diclofenac were also investigated. Twenty-four rats weighing 281±14 g (7 weeks old) were randomly divided into three groups of eight rats each: diclofenac (DC), diclofenac+ciprofloxacin (DC+CP), and controls (CON). DC and DC+CP rats intravenously received diclofenac (5 mg/kg) alone and diclofenac coadministered with oral ciprofloxacin (20 mg/kg) daily for 15 d, respectively. Diclofenac was intravenously administered to rats via the tail vein 1 min after oral ciprofloxacin was given. The control rats received only physiological saline. On d 1, blood samples (approximately 0.15 mL) were collected from the rats under light ether anesthesia via the oculi chorioideae vein at 5, 15, 30, 45, 60, 90, 120, 180, 240, 360 and 480 min following dosing with diclofenac to evaluate the pharmacokinetics of diclofenac.
On d 15, the experimental rats, which had been fasted overnight, were sacrificed under ether anesthesia 2 h following the last dose of diclofenac to assess enteropathy and measure the concentration of diclofenac and DC-AG in the intestinal contents. Briefly, the entire small intestine was removed and divided into four quartiles of equal length, and the intestine segments were gently rinsed with 2 mL of cold PBS, followed by another 3 mL of cold PBS. The two eluates (total volume 5 mL) were combined, and the concentrations of diclofenac and DC-AG in the mixed eluates were measured using HPLC. Then, each intestine segment was assessed for diclofenac- 
Effects of ciprofloxacin on diclofenac absorption
The effects of ciprofloxacin on diclofenac absorption were evaluated by in situ single-pass perfusion as described previously [29] . In brief, rats were fasted overnight and then anesthetized with pentobarbital (60 mg/kg, ip). Next, two cannulas (input and output) were inserted at either end of the isolated jejunum (10 cm). The isolated intestine segment was flushed with a 0.9% saline solution (37 °C) at 0.2 mL/min for 10 min, followed by Krebs-Henseleit buffer containing diclofenac (10 μmol/L) with or without ciprofloxacin (200 μmol/L) for 15 min until a steady state was reached. Consecutive effluent samples were collected at 15-min intervals through the distal cannula for 120 min. The rats were sacrificed at the end of the perfusion, and the perfused intestinal segments were removed in order to measure the areas of absorption. The apparent effective permeability (P eff , cm/min) was calculated according to the following equation: P eff =-Q·ln(C out /C in )/A, where C out (μg/mL) and C in are the diclofenac concentrations in the output and input solutions, respectively. A (cm 2 ) represents the area of the perfused intestinal segment, and Q (mL/min) is the flow rate. The water flux was corrected using a gravimetric method [30] .
Effects of ciprofloxacin on biliary excretion of diclofenac
Twelve rats weighing 295±14 g were divided into DC and DC+CP groups. The rats were anesthetized with diethyl ether, and a PE-10 tube was inserted into the common bile duct. After bile flow was confirmed, the DC+CP rats and DC rats intravenously received diclofenac (5 mg/kg) via the tail vein following iv adminsitration of ciprofloxacin (5 mg/kg) or physiological saline, respectively. Bile was collected into containers before dosing and at intervals of 0 to 20 min, 20 to 40 min, 40 to 60 min, 60 to 90 min, 90 to 120 min and 120 to 180 min after the diclofenac dose for measurement of the diclofenac and DC-AG concentrations.
Assay of β-glucuronidase activity in intestinal contents from CP and CON rats To measure β-glucuronidase activity in intestinal contents, the entire small intestine of the CP rats and CON rats was quickly removed and divided into halves. The segment next to the stomach and the segment before the cecum were defined as the proximal small intestine and distal small intestine, respectively. The contents of the proximal small intestine, the distal small intestine and the ileal valve were collected and mixed with PBS (pH 5.5) in an ice-water bath, and an appropriate dilution was made based on a preliminary experiment. The intestinal β-glucuronidase activity, defined as diclofenac formation from DC-AG, was measured according to a previously described method [22, 31] with minor modifications. Briefly, the reaction was initiated by the addition of 100 μL of intestinal content solution pre-incubated at 37 °C in a reaction tube containing DC-AG (final level: 10 μmol/L). Following a 5-min incubation, the reaction was quenched by the addition of 200 μL acetonitrile containing 5 mol/L phosphoric acid and 2 μg/mL chloroxazone as an internal standard. Diclofenac formation was measured by HPLC. The protein concentration of the intestinal contents was determined by a bicinchoninic protein assay (BCA) kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The β-glucuronidase activity was normalized by protein concentration in the intestinal contents and expressed as the formation of diclofenac per mg protein.
Effects of ciprofloxacin on activities of β-glucuronidase in the intestinal content and the purified β-glucuronidase from bovine liver or E coli The effects of ciprofloxacin on β-glucuronidase activity in the small intestinal contents of normal rats and purified β-glucuronidase were investigated. D-saccharic acid 1,4-lactone monohydrate served as a positive inhibitor. Briefly, the reaction was initiated by adding 20 μL ciprofloxacin and 80 μL intestinal contents or enzyme solution preincubated at 37 °C to a tube containing DC-AG (final levels: 10 μmol/L). Following a 5-min incubation, the reaction was stopped by adding 200 μL acetonitrile solution containing 5 mol/L phosphoric acid and 2 μg/mL chloroxazone as an internal standard. The β-glucuronidase activity was expressed as the formation of diclofenac per mg protein or in units.
Assessment of diclofenac-induced enteropathy
Diclofenac-induced enteropathy was assessed as previously described [22] . The excised small intestine was divided into four segments of approximately equal length and opened longitudinally along the antimesenteric side. The segment next to the stomach and the segment before the cecum were defined as the first quartile and the fourth quartile, respectively. The segments were rinsed with ice-cold phosphate buffered saline, followed by incubation for 15 min in a 1 mmol/L nitroblue tetrazolium (NBT) solution containing 16 mmol/L HEPES, 125 mmol/L NaCl, 3.5 mmol/L KCl, and 10 mmol/L glucose. The stained tissues were fixed in 10% buffered formalin for 24 h and transferred to 70% ethanol. The luminal side of the intestine was photographed with a Tanon 5200 Multi Chemiluminescent System. The numbers and area of the lesions were observed and quantified with a Gel Imaging System (Tanon technology Co, Ltd, Shanghai, China) by an observer without knowledge of the treatment. Representative parts of the formalin-fixed tissues were embedded in paraffin, and 5-μm sections were stained with hematoxylin/eosin for histopathological analysis and examination by light microscopy (×40).
Drug analysis
Concentrations of diclofenac in rat plasma and the incubation system were determined by HPLC with an ultraviolet detector, as previously described [32] with minor modifications. Briefly, for plasma samples, 50 μL plasma was spiked with 10 µL of 2 μg/mL chloroxazone as an internal standard and 100 µL acetonitrile. For the incubation samples, the reaction was www.chinaphar.com Zhong ZY et al Acta Pharmacologica Sinica npg stopped by adding 200 μL of an acetonitrile solution containing 5 mol/L phosphoric acid and 2 μg/mL chloroxazone as an internal standard. For the simultaneous analysis of DC-AG and diclofenac, 20 µL bile or 50 µL an intestinal eluate sample were mixed with 200 μL of acetonitrile solution containing 5 mol/L phosphoric acid and 2 μg/mL chloroxazone immediately after the samples were collected. Then, the samples were vortexed. After centrifugation at 18 000 rounds per minute for 10 min, 20 µL of the supernatant was injected into an HPLC-UV system, with the wavelength set at 276 nm. Chromatography was performed on a Waters C18 column (150 mm×4.6 mm, 5 µm, Waters, USA). The mobile phase consisted of 0.015% phosphoric acid and acetonitrile (45:55, v/v), with a flow rate of 1.0 mL/min. The methods for measuring diclofenac were validated over a concentration range of 0.25-32.00 μg/mL in plasma, 0.25-16.00 μg/mL in intestinal elute, 1.00-32.00 μg/mL in bile and 0.125-8.00 μg/mL in the incubation system. The LLOQs of diclofenac in these biological samples were 0.25, 0.25, 1.00 and 0.125 μg/mL, respectively. The methods for measuring DC-AG were also validated over a concentration range of 0.3125-20.00 μg/mL in intestinal elute and 10.00-200.00 μg/mL in bile, and the LLOQs were 0.3125 and 20.00 μg/mL, respectively. The relative standard deviations of the intra-day precision values (RSD) for the three concentrations of analytes were less than 10%, and their accuracies ranged from 85% to 115%.
Data and statistical analysis
The pharmacokinetic parameters were estimated using a noncompartmental analysis (Pheonix Winnonlin 6.3, Pharsight, St Louis, MO, USA). All data were expressed as the mean±SD. If the data fit a normal distribution, a standard analysis of variance was used. The significant difference between two groups was determined by Student's t-test. If the data were not normally distributed, a Mann-Whitney U test was used for a comparison between two groups.
Results
Effects of co-administration of ciprofloxacin on the pharmacokinetics of diclofenac in rats The plasma concentrations of diclofenac were measured following the oral administration of diclofenac (10 mg/kg) to rats ( Figure 1A) , and the corresponding pharmacokinetic parameters were estimated (Table 1) . Consistent with previous reports [18, 26] , a typical double-peak was observed in the diclofenac profile following an oral dose of diclofenac. The concentration of the first peak (C max1 ) and the concentration of the secondary peak (C max2 ) were measured at approximately 10 and 210 min, respectively. Co-administration of ciprofloxacin decreased the C max2 of diclofenac (1.24±0.50 mg/L in coadministered ciprofloxacin vs 2.06±1.16 mg/L in diclofenac alone, P=0.09), accompanied by significant prolongation of T max2 (390.0±124.2 min in co-administered ciprofloxacin vs 210.0±147.0 min diclofenac alone, P=0.02). However, the concentration of the first peak of diclofenac was less affected by the co-administration of ciprofloxacin. The decrease in the plasma concentration of diclofenac by co-administration of ciprofloxacin primarily occurred within 300 min, therefore the early exposure of diclofenac (AUC 0-300 min ) was also calculated. The results showed that the co-administration of ciprofloxacin significantly decreased the AUC 0-300 min of diclofenac, to 61% of the value in control rats. Similar alterations in the pharmacokinetic parameters were observed following the 5th dose of diclofenac, but the data showed no significant differences between the two groups due to large individual variability ( Figure 1B , Table 1 ).
The pharmacokinetics of diclofenac following the intravenous administration of diclofenac with and without ciprofloxacin was determined, and typical enterohepatic circulation of diclofenac also occurred ( Figure 1C) . All of the DC rats displayed obvious secondary peaks in their iv pharmacokinetics profiles, while DC+CP rats did not show clear secondary peaks. Co-administration of ciprofloxacin remarkably attenu- 
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The diclofenac and DC-AG levels in the small intestine contents were also measured at 2 h after the last intravenous dose of diclofenac ( Figure 1D and 1E) . The results showed that the diclofenac levels gradually increased from quartile 1 to quartile 4. High levels of DC-AG were found in quartiles 2 and 3 of the small intestine. Co-administration of ciprofloxacin showed a trend toward decreased levels of diclofenac and increased levels of DC-AG in the content of the small intestine, leading to a significant decrease in the diclofenac to DC-AG ratio ( Figure 1F ).
Effects of ciprofloxacin on the absorption and biliary excretion of diclofenac An in situ single-pass intestinal perfusion was performed to investigate the effect of ciprofloxacin on the absorption of diclofenac (Figure 2A and 2B) . The results showed that co-administration of ciprofloxacin did not affect diclofenac absorption. Biliary excretion of diclofenac was determined to investigate whether ciprofloxacin impaired the enterohepatic recycling of diclofenac by inhibiting the biliary excretion of diclofenac and DC-AG ( Figure 2C and 2D) . The results showed that trace amounts of diclofenac were excreted in the bile, while a large amount of DC-AG was detected in the bile, which accounted for approximately 19% of the iv dose. Co-administration of ciprofloxacin affected neither the biliary excretion of diclofenac nor DC-AG.
β-Glucuronidase activity in the small intestinal content from rats treated with ciprofloxacin β-Glucuronidase activity, defined as the formation of diclofenac from DC-AG in the proximal small intestine, distal small intestine and the ileocecal valve was measured in CON rats and CP-treated rats ( Figure 3A) . The results showed that diclofenac formation from DC-AG in the intestinal contents was region-dependent, and the highest β-glucuronidase activity was found in the ileal valve of CON rats. The order of diclofenac formation rate in the small intestinal segments of the CON rats was proximal intestine<distal intestine<ileal valve. The effects of ciprofloxacin on the diclofenac formation in the intestinal contents were also region-dependent. Diclofenac formation in both the distal small intestine and the ileal valve of rats treated with ciprofloxacin was significantly lower than in the CON rats, while the extent of decrease in the distal small intestine of rats treated with ciprofloxacin was less than that in the ileal valve. The diclofenac formation in the proximal small intestine was not affected by pre-treatment with ciprofloxacin.
Effects of ciprofloxacin on β-glucuronidase activity in the small intestinal contents of normal rats and purified β-glucuronidase from bovine liver and E coli The effects of the in vitro incubation of ciprofloxacin on β-glucuronidase activity in both the proximal small intestine ( Figure 3B ) and the distal small intestine ( Figure 3C ) of normal rats were assessed using diclofenac formation. The results showed that the inhibition by ciprofloxacin of diclofenac formation was also region-dependent. Ciprofloxacin concentration-dependently inhibited diclofenac formation in the distal intestinal content with an IC 50 of 320.65 μmol/L. However, diclofenac formation in the proximal small intestinal contents was slightly inhibited by ciprofloxacin although D-Saccharic acid 1,4-lactone monohydrate still showed strong inhibition.
The effects of ciprofloxacin on β-glucuronidase activity were further characterized using purified β-glucuronidases from bovine liver and E coli, representing a mammalian ortholog and a microfloral secretion, respectively. Ciprofloxacin strongly inhibited the activity of β-glucuronidase from E coli ( Figure 3E) , with an IC 50 of 27.06 μmol/L. However, the activ- Figure 3D ).
Effects of ciprofloxacin on diclofenac-induced enteropathy Diclofenac-induced enteropathy was measured following the oral administration of diclofenac (Figure 4) . The results showed that rats treated with diclofenac for 6 d developed serious ulceration on the mesenteric side in quartiles 2, 3 and 4 of the small intestine. The diclofenac-induced enteropathy was region-dependent, and the strongest damage occurred in quartile 3 of the small intestine ( Figure 5A and 5B), followed by quartile 4 and quartile 2. The co-administration of ciprofloxacin alleviated the diclofenac-induced enteropathy, leading to a decrease in the total number and summed area of intestinal ulcers in the four quartiles by 42% and 80% of rats treated with diclofenac alone, respectively. Diclofenac-induced enteropathy was also measured following the intravenous administration of diclofenac ( Figure  6 ). Rats treated with an intravenous dose of diclofenac for 15 d showed obvious enteropathy, but the extent of the enteropathy induced by an intravenous dose of diclofenac was less than that induced by an oral dose. Co-administration of ciprofloxacin alleviated the diclofenac-induced enteropathy after intravenous administration of diclofenac, as evidenced by decreases in both the number and the total area of the intestinal ulcers ( Figure 5C and 5D) .
Discussion
This study clearly demonstrated that the pharmacokinetic profiles of diclofenac displayed the typical characteristics of A previous study showed that ciprofloxacin inhibited the hydrolysis of mycophenolic acid glucuronide to mycophenolic acid by inhibiting β-glucuronidase [17] . A recent study demonstrated an inhibitory effect of ciprofloxacin on the β-glucuronidase-mediated deconjugation of the irinotecan metabolite SN-38-G [33] . The present study also showed that the β-glucuronidase activity gradually increased along the proximal small intestine toward the ileal valve in CON rats. The β-glucuronidase activity of the distal small intestine and the ileal valve of rats treated with ciprofloxacin was lower than that in CON rats, consistent with finding in the small intestine of rats treated with ciprofloxacin that the in vitro incubation of ciprofloxacin remarkably inhibited diclofenac formation in the distal small intestine, without affecting DC-AG hydrolysis in the proximal small intestine. It has been generally accepted that the β-glucuronidase in the distal small intestine was predominantly secreted by microflora (mainly by E coli) [34] and the β-glucuronidase in the proximal small intestine primarily came from the intestinal wall [35] . In the present study, the distal small intestinal tract showed a higher ratio of diclofenac to DC-AG than the proximal small intestinal tract did, which was agreement with the regional distribution of β-glucuronidase activity.
A small-molecule inhibitor of bacterial β-glucuronidase was reported to protect mice against diclofenac-induced enteropathy [22, 23] . Animal experiments also showed that antibiotic treatment efficiently alleviated NSAID-associated ulceration by inhibiting the intestinal microflora [36] . In order to investigate whether the co-administration of ciprofloxacin protected rats from diclofenac-induced enteropathy, diclofenac-induced enteropathy was assessed following the oral and intravenous administration of diclofenac. As expected, rats treated with oral and intravenous doses of diclofenac developed enteropathy in a region-dependent manner, although the enteropathy induced by the oral administration of diclofenac was more severe than that induced by the intravenous administration. Serious damage primarily occurred in the distal small intestine. Co-administration of ciprofloxacin alleviated the diclofenac-induced enteropathy, evidenced by an obvious decrease in the number and the total area of intestinal ulcers. The extent of diclofenac-induced enteropathy was also in accord with β-glucuronidase activity, implying a role for the β-glucuronidase activity in diclofenac-induced enteropathy.
Although several reports on the development of enteropathy by single dose of diclofenac in animal model exist [37] [38] [39] [40] [41] , the dosages of diclofenac used in these studies were much higher than the clinical dosage. The present study showed that rats orally treated with 10 mg/kg of diclofenac (equivalent to a clinical dosage of 120 mg in a 70 kg human) daily for 6 d also developed typical enteropathy. It is well known that the microflora plays an important role in NSAID-induced enteropathy via two pathways. First, β-glucuronidase secreted by bacteria hydrolyzes NSAID glucuronides into aglycones, and the aglycones directly damage the small intestine. Second, bacteria invade the deep layers of the mucosa and harm the intestinal cells by activating Toll-like receptors [24] . The present study demonstrated an inhibitory effect of ciprofloxacin on β-glucuronidase both in vitro and in vivo. In addition, ciprofloxacin is an antibiotic active against gram-negative bacteria. All these results indicate that ciprofloxacin alleviated the diclofenac-induced enteropathy by both inhibiting DG-AG hydrolysis and killing intestinal bacteria.
In conclusion, the present study demonstrated that coadministration of ciprofloxacin attenuated the enterohe- Figure 6 . A macroscopic (A) and histopathologic (B) assessment of the mucosal damage in quartile 3 of the small intestine at 2 h following the 15th iv dose of diclofenac alone (DC), diclofenac co-administered ciprofloxacin (DC+CP) and normal saline (CON). A macroscopic view of the luminal side of the small intestine was obtained following NBT staining, and a histopathologic assessment of the small intestine was performed following staining with hematoxylin and eosin (×40 magnification). Arrows indicate typical ulcers.
patic circulation of diclofenac and alleviated diclofenacinduced enteropathy in rats, partly by inhibiting the intestinal β-glucuronidase activity. Although it may be not appropriate to use ciprofloxacin for alleviating diclofenac-induced enteropathy due to the strict control of the use of this antibiotic in the clinic, the present study may provide a clue that the inhibition of bacterial β-glucuronidases with a bacterial-specific chemical inhibitor could efficiently alleviate NSAIDs-induced enteropathy and that bacterial β-glucuronidases could be explored as a new pharmacologic target for the development of GI-protective drugs against NSAID-induced enteropathy.
